Raman microspectroscopy is widely used for molecular characterisation of tissue samples. Nevertheless, when working in vitro on tissue sections, the presence of a broad background to the spectra remains problematic and its removal requires advanced methods for preprocessing of the data. To date, research efforts have been primarily devoted to development of techniques of statistical analysis to extract the relevant information contained in the spectra. However, few attempts have been made to understand the origin of the background and to improve the protocols used for the collection of Raman spectra that could lead to the reduction or elimination of the background. It has been demonstrated that measurement at 785nm in water immersion significantly reduces the Raman background of both pure biochemical components and tissue sections, associating the background at 785nm with a scattering phenomenon rather than fluorescence. It is however of interest to probe the dependence of the observed background and any time evolution normally associated with photobleaching of fluorophores, under dry and immersed conditions, on the source wavelength. Using 785nm or 660nm as source, extended exposure of dried skin tissue sections to the laser results in a time dependent reduction of the background present in the Raman spectra. When working in water immersion, the overall background as well as the evolution over time is greatly reduced and the background is seen to stabilise after ~20 seconds exposure. Using 532 nm or 473 nm as source for the examination of dried tissue sections, visible photodamage of the sample limits the laser power usable for the collection of spectra to 5 mW. Immersion of the tissue sections protects against photodamage and laser powers of up to 30 mW can be used without any visible damage. Under these conditions, the background is significantly reduced and good quality Raman spectra can be recorded. By adapting the protocol usually used for the collection of Raman spectra, this study clearly demonstrates that other approaches rather than mathematical manipulation of the data can be used to deal with the intrinsic background commonly observable. Notably, the dependence of the background and its time evolution under prolonged exposure on sample environment potentially sheds light on its origin as due to sample morphology (scattering) rather than chemical content (fluorescence). Overall, the study demonstrates that, in addition to reduced background, the photostability of the samples is significantly enhanced in an immersion geometry.
Keywords: Raman Spectroscopy; human tissue analysis; Raman background; Fluorescence; Scattering; Photodamage
Introduction
The potential of Infrared and Raman spectroscopy as medical diagnostic tools has been well demonstrated [15] . The main advantages of these techniques are that they provide a non invasive, label free molecular fingerprint of tissue and cells. In the last few years, many further reaching applications have been described, including in radiobiology [6] , toxicology [7] and pharmacokinetics [8] . Coupled with adapted multivariate analysis, the specificity of the information obtained can be used for the identification of different pathologies [9, 10] , or variations in metabolism as a result of external agents [11, 12] . As it commonly employs optical or near infrared sources, Raman spectroscopy exhibits a significantly high lateral resolution and enables access to subcellular information [13, 14] . For this reason, it is often used in parallel with FTIR spectroscopy to provide more detailed information about the tissues under investigation [15, 16] .
Common to the development of both these techniques is the importance of the pre processing of the data before progressing to more advanced analysis. The spectral background can be a combination of many signals contributing to and "contaminating" the spectra recorded. For example, water exhibits a strong absorption in the infrared range and samples have ideally to be dried before recording any spectra [17] . In Raman spectroscopy, however, due to its weak scattering efficiency, measurements realized in water immersion allow for example measurement of live cells [18, 19] . The selection of the substrates is also important, as glass slides or Petri dishes are unsuitable for Raman spectroscopy, as the intrinsic material response overlaps and can swamp the tissue or cellular signals. Usually CaF 2 or ZnSe windows are preferred as they are compatible with both techniques. Many improvements have already been achieved in the development of protocols for sample preparation in order to increase the quality of the data collected, but even using optimized optics, substrates and taking into consideration the different limits offered by the techniques, a substantial background can remain in the data collected. This background is a result of the interaction between the light used for the analysis and the samples and is due at least in part to the inherent physical inhomogeneity. In infrared spectra, the phenomenon has been attributed to Mie scattering and/or surface reflections, which can contribute a broad undulating baseline off resonance and a distortion of the spectral features on resonance [20, 21] . Different methods for spectral correction have been recently proposed in order to remove this effect from the data sets [22] .
Raman spectra can also be affected by the presence of a background making it difficult to reliably process the data for analysis. The origin is often attributed to fluorescence from the samples, due to the proximity of the source wavelength to the excitation bands of some biomolecular constituents of the cells or tissue [23, 24] . It is important to note, however, that for a material to fluoresce, it must absorb at the irradiating wavelength.
Fluorescence spectroscopy has been explored as a potential probe of malignancies in for example skin, the principle chromophores being nicotinamide adenine dinucleotide (NADH), collagen, elastin, tryptophan, flavins, and porphyrins [25, 26] . However, excitation wavelengths are typically less than 400nm and while some chromophores such as hemoglobin absorb at visible wavelengths, there is little or no fluorescence higher than ~600nm. Notably, similar baselines are observable using source wavelengths as long as 785nm or 830nm [24, 27] . In skin, melanin provides the pigment and absorbs across the visible spectrum, fluorescing in the near infrared [28, 29] . However, melanin is confined to the basal layer of the epidermis and is not present in the dermis [30] . It is also notable that minimal backgrounds are observed in single cell spectroscopy at 785nm [13] .
The phenomenon of large backgrounds to Raman spectra of proteins at wavelengths significantly longer than their absorption was reported as early as the 1970s [31] . The dependence on source wavelength pointed to a Raman like origin rather than fluorescence, and the background was also seen to "photobleach" under prolonged illumination at elevated laser powers, a process which became known as "drench and quench" [32] . More recently, in a study of pure proteins, the background has been demonstrated to be dependent on sample morphology rather than chemical content and so has been also associated with scattering of the source laser and the Raman bands themselves, causing them to enter the spectrometer in a noncollimated fashion, and thus spatially broaden on the grating and lose definition on the CCD, contributing to a broad background [33] . The process cannot be strictly considered as Mie scattering, however, which refers to elastic scattering from spherical objects of dimensions similar to the incident wavelength, and thus a more general term of scattering from the physically and chemically inhomogeneous materials may be more appropriate. As for the case of infrared spectroscopy, different methods have been proposed to remove this background from the data in order to ease the analysis [34, 35] . However, although many studies focus on the preprocessing of the data and the development of new algorithms for removal of the background from the Raman data, few have addressed improvements of the protocols used for the spectral collection itself. In this regard, notably, it has been recently demonstrated that using a 785 nm laser source the background present in Raman spectra can be greatly reduced by using immersed rather than dried tissue sections [33] .
To further demonstrate the importance of the prerecording conditions underlying the presence of the background in Raman spectra and to further explore the origins of the background to the Raman spectrum, in this study we focus on the variation in spectral quality as a function of source wavelength (473nm, 532nm, 660nm and 785nm) and exposure time and source power. For this purpose, the dermal regions of fixed and subsequently dewaxed human skin sections have been examined with each laser line, in both dry and immersed conditions. Different exposure times have been used to compare the intensity of the background recorded and different approaches for the recording of the spectra will be discussed to further understand how the quality of the signal can be improved without any particular treatment of the tissue sections. This work further explores the origins of the Raman background, but ultimately demonstrates that other approaches rather than mathematical manipulation of the data can be employed to solve the issue of background present in the Raman spectra collected from formalin fixed paraffin processed and subsequently dewaxed human tissue sections, an invaluable source of tissue archives with associated patient histories. After embedding, the samples were sliced into 20 μm sections using a microtome, and placed on CaF2 slides before being dried in an oven at 55ºC. The protocol for the dewaxing consists of immersion of the samples in a series of baths starting with two baths of xylene (BDH; Dorset, UK) for 5 min and 4 min, respectively, then two baths of Ethanol Absolut (Merck; Dorset, UK) for 3 min and 2 min, respectively, and finally a bath of Industrial Methylated Spirits 95% (Lennox) for 1 min.
Materials and Methods

Tissue section preparation
Raman spectroscopic measurements
A Horiba JobinYvon LabRAM HR800 spectrometer was used throughout this work. For the measurements, either a x100 objective (Olympus MPlanN) or a x100 immersion objective (Olympus LUMPlanF1) was employed, each providing a spatial resolution of ~1mm at the sample. The confocal hole was set at 100mm for all measurements, the specified setting for confocal operation. Four different laser lines have been used for this study: 473 nm, 532 nm, 660 nm and 785 nm with source powers of 50 mW, 50 mW, 100 mW and 300 mW respectively. After each change of laser line, the system was spectrally calibrated to the 520.7 cm 1 spectral line of silicon.
The LabRAM system is a confocal spectrometer that contains two interchangeable gratings (300 and 600 lines/mm respectively). In the following experiments the 600 lines/mm grating was used for the 473 nm and 532 nm laser line, providing a spectral dispersion of approximately 1.5 cm 1 /2 cm 1 per pixel. In order to maintain similar spectral resolution, the grating was changed to 300 for the 660 nm and 785 nm laser lines.
The backscattered Raman signal was integrated for 10 seconds intervals over the spectral range from 400 to 1800 cm 1 . The detector used was a 16bit dynamic range Peltier cooled CCD detector. Images of the sample were acquired using a video camera within the system.
The samples were first recorded using the Olympus MPlanN objective in a dry state and then the same sections were immersed in distilled water before being recorded with the Olympus LUMPlanF1 objective. The Numerical Apertures and magnification of the respective objectives are defined for the specific modes in which they are applied. The Olympus MPlanN x100 objective has NA = 0.9 while the Olympus LUMPlanF1 x100 water immersion objective has NA = 1 in water. Thus, the voxel sizes can be considered approximately equal. Laser powers at the sample will differ only slightly because of different reflections at the tissue/air or water interface. All the spectra from the skin samples were recorded from the dermis, particularly rich in collagen, but critically devoid of melanin [30] . This location was selected in order to reduce as much as possible the variability due to differences in the biochemical composition between the different samples and ease the interpretation of the effect of the different laser lines used on the data recorded. In order to make a direct comparison of the stability of the Raman spectra and backgrounds under prolonged irradiation in dry and immersed state, a previously unirradiated spot was chosen for each measurement. Measurements have been performed on 6 tissue slides prepared from human skin coming from the hand. However, similar observations have been made on additional slides prepared from skin coming from the thigh.
Typically, Raman spectra are the average of n accumulations contributing to the reduction of the noise contained in the data set recorded. The Raman intensity is directly proportional to the accumulation time. Therefore, the longer the acquisition, the higher the intensity of the signal obtained and thus the better the signal to noise ratio is.
Although single point measurements have been performed throughout this work, acquisition times consistent with those commonly used for mapping have been chosen.
When scanning a large skin area with a step size of 1 mm or less, 10 seconds is the longest accumulations that could be used in order to achieve the mapping in a realistic time. As this work focuses on the presence of a background in the spectra recorded, only 1 accumulation has been performed for each acquisition, regardless of the noise present in the data.
Results and discussion
Presence of a background in the spectra recorded using the 785 nm wavelength
Lateral resolution, depth penetration, photodamage, prevalence of the background in the spectra, are some of the considerations which govern the choice of the wavelength to be used for the recording of Raman spectra from biological samples. The 785 nm laser line has become popular for investigations related to biomedical applications, from the study of the subcellular organisation in single cells to the diagnosis of pathological tissues [13, 14, 36] . It is notably widely used for live cell analysis, because of the absence of any obvious photodegradation at this wavelength [3739] . The background has been documented at irradiation wavelengths of 785nm and even 830nm [24] , but is commonly assumed to be fluorescence and this assumption has entered the biomedical spectroscopy literature [23] . However, as shown in Figure 1 , the background is significantly reduced when the tissue section is measured in immersion (figure 1B) rather than the dry state ( figure 1A) , and the Raman features of the tissue are significantly enhanced. For example, for the same illumination conditions, the amide 1 band (~1670cm 1 ) of the first acquired spectrum of the dry tissue has a peak height above background of ~500 counts, whereas, in immersion, the same feature has a peak height above background of ~1000 counts. Thus, the background has been proposed to have origin, at least in part, in scattering of the source and Raman lines, which can enter the spectrometer as stray light [33] . True fluorescence contributions to the background may be present at shorter wavelengths, however, as various biochemical components come into resonance.
Resonance can also lead to photochemical degradation, however, and thus it is important to compare the scattering profiles of dry and immersed tissue as a function of Raman source wavelength. In this study, measurements have been performed on skin sections deposited on CaF 2 substrates using the 100x MPlanN objective. The tissue sections were dewaxed as described in the Materials and Methods section and kept in a desiccator until recorded.
They are therefore considered to be in a dry state. A series of 10s acquisitions was performed successively on the same spot in order to monitor the Raman spectral profiles over time. Figure 2A It has recently been reported that working with immersed tissue sections results in significantly reduced spectral background and improved quality spectra [33] . Therefore, the skin sections were immersed in water for 60 mins before and during recording in order to visualise the effect on the evolution of the background over time. The accumulation time was kept at 10s and the laser power at 30 mW to allow comparison between the data sets. The first spectrum obtained for the immersed skin section is presented in the figure 2B (top spectrum) . The definition of the peaks has been greatly improved and the background is significantly reduced compared to the spectrum recorded on the dry skin, as previously reported [33] . The features are largely the same as those observed in the dry state, although slight variations of the relative intensities of bands are evident, at for example 900950cm 1 , and ~1050cm 1 . These variations may be due to point to point variability of the spectra, or due to slight changes in morphology from the dry to immersed state. As shown in figure 3 , the background evolves only slightly over the first 30 seconds exposure, at the same rate as the dry tissue section (k 1 =0.13sec 1 ), but after this time the background has stabilised and no further evolution is observable (k 2 <0.001 sec 1 compared to k 2 = 0.006 sec 1 for dry tissue sections). At a time point of 60 sec, the background has reduced to close to that of the objective immersed in water, focussed on a CaF 2 substrate in the high wavenumber regime (~1750cm 1 ) although it remains substantially higher in the low wavenumber regime (400cm 1 ) (data not shown).
Again, no physical degradation of the sample is visibly discernible after prolonged exposure.
Fig.4: Comparison of the Raman spectra collected from human skin using a 785 nm laser source from dry and immersed sections. Spectrum A has been recorded from immersed section and corresponds to 1 x 10s acquisition. Spectrum B has been obtained from a dry section and corresponds to the last of 10 x 10s acquisitions. The spectra have been corrected for CaF 2 and CaF 2 +water for comparison of the signals and peaks intensities.
The spectrum of the 10 th acquisition of 10s recorded from the dry sample is compared with the spectrum collected in immersion after 1 x 10s acquisition in figure 4A and 4B.
The spectra exhibit similar backgrounds after correction for CaF 2 and water contributions. Although the spectra have similar intensities in the range 400 850 cm 1 , the relative amplitudes of the bands between 900 -1800 cm 1 are increased in the case of measurements performed on immersed tissues, highlighting the increase in signal to background ratio.
In addition to the overall improved definition of the features in the immersion spectrum, the feature at ~850cm 1 , corresponding to ν(CC) of the hydroxyproline ring, is significantly more pronounced in immersion ( figure 4A) . The peaks at 938 cm 1 (ν(CC) of protein backbone), 1030 cm 1 (CH plane bending for phenylalanine), 1099 cm 1 (ν(C N)), 1126 cm 1 (protein CN stretch) and 1177 cm 1 (NH 3 ) also exhibit modified intensities in the immersion measurements [40, 41] . As the spectral features do not evolve significantly as a function of exposure, these spectral differences are simply attributable to slight changes in the morphology in the hydrated state of the tissue compared to the dry state. Laser power and exposure time each have an effect on the background present in the spectra recorded, as well as the signal to noise ratio. Working using immersion greatly improves the quality of the data, enhancing considerably the definition of the peaks present in the spectra. The combination of high laser power and immersion appears to be optimal for tissue sections at 785nm. The signal to background present in the first spectrum recorded after 10s is similar to the spectrum recorded from dry skin after 10 acquisitions of 10s. Moreover, after 20s, the spectra recorded exhibit stable intensities and no further improvement can be seen. Thus, for the purpose of spectral mapping, the immersed tissue would need a 10s preexposure at each point (usually described as a photobleaching period in the acquisition software) before starting the recording of spectra, instead of almost 100s for the dry tissue, considerably shortening the time required for the mapping of the area selected. This provides the possibility to increase the number of spectra contained in a map, yielding higher spatial resolution or larger scan areas, or simply a more rapid screening process.
Presence of a background in the spectra recorded using the 660 nm source
The response of the skin sections to the 660 nm laser line was then tested in a similar fashion. In the previous section, it was demonstrated that the laser power has an impact on the intensity of the background present in the Raman spectra. For this reason, the laser source was set to the maximum available power, 15 mW at the objective. Firstly, the dry skin was measured with 10s accumulations repeated successively. Figure 6A presents the different spectra obtained, the top spectrum being the first recorded. As observed for the 785 nm source, the background is initially strong, making the identification of the different peaks present in the spectrum quite difficult. With extended exposure to the laser source, however, the overall intensity of the Raman spectrum decreases, associated with a diminution of the background. As was the case for prolonged exposure to the 785nm source, no physical degradation of the sample is visibly discernible after prolonged exposure. At 660nm, immersed skin sections exhibit a similar behaviour to that observed with 785nm as source and the background decreases only slightly over time ( figure 6B ). Figure 7 compares the time evolution of the background at ~1750cm 1 at 15mW in the dry and immersed states. As was the case for 785nm, the evolution is best fit with a double exponential behaviour. The initial rapid evolution occurs at a rate of k 1 = 0.12 sec 1 , while the slower decay occurs at a rate of k 2 = 0.007 sec 1 . In immersion, a similar initial decay of k 1 = 0.12 sec 1 is observed, but no secondary decay is discernible (k 2 < 0.001 sec 1 ). The time evolution, within the resolution of the experiment, is thus almost identical to that observed at 785nm, suggesting a similar physical origin. For clarity, figure 8 displays the spectrum recorded from the dry skin after 10s ( figure   8A ) compared with the spectrum obtained for the 10 th 10s acquisition ( figure 8B) . The diminution of the background intensity is clear for extended exposure to the laser source.
The first spectrum also appears to be distorted in the region 6001600 cm 1 . After 100s exposure to the laser in the dry state, the Raman spectra collected exhibit a significantly diminished background and the peaks in the spectral window 7001100 cm 1 are clearly visible. The spectrum of figure 8C was recorded on the immersed skin using 1x10s
accumulation. The background is comparable with that of the spectrum in figure 8B and the information contained appears identical to the observations at 785nm ( figure 4) .
Notably, all the features which were identified as enhanced in immersion at 785nm are also enhanced in immersion at 660nm and the enhancement is attributed to a change in tissue morphology in the hydrated state. Overall, the observations demonstrate the ease of collection of Raman spectra using shorter exposure time when working with immersed tissue sections.
Benefits of immersed sections for 532 nm and 473 nm wavelengths
The 532 nm and 473 nm laser sources available for the measurement can deliver up to 30 mW at the objective and, given the intrinsic dependence of the Raman scattering phenomenon on source wavelength [42] , have the advantage of delivering relatively stronger spectra in relatively short acquisition times. Nevertheless, their use for biological samples can be limited due to the presence of a background in the spectra recorded often associated to fluorescence in the literature [23, 24, 43] or the photodegradation of the samples under investigation [39] . Both effects have significant impact on the quality and reliability of the recordings, bringing into question the suitability of these laser lines with tissue sample analysis.
Photodegradation, clearly visible on the video image as the apparition of a black spot where the measurement has been performed (not shown), limits the intensity of the laser which can be used. The photodegradation is abrupt and results in the detector being swamped by background. In the case of dry skin, using the x100 objective and 10s acquisition, 5 mW is the maximum laser power that could possibly be used for both the 532 nm and 473 nm sources. An increase of the laser power results in sample damage before recording of the first spectrum. At this power, the signal to background/noise ratio for 10s acquisitions was too poor to visualise any information in the spectra recorded (data not shown) and therefore the potential to investigate the skin samples using these laser lines seemed to be compromised. Moreover, even extended exposure to the laser at 5 mW up to 200s did not result in a Raman spectrum with identifiable features from the dry skin. improvement is observed ( figure 10) . The time evolution of the background to the Raman spectra recorded at 532nm, 30mW in immersion is shown in Figure 11 . Similar to the case of 785nm and 660nm, a relatively rapid initial evolution is observed, with a rate constant of k 1 = 0.016sec 1 after which a slow or negligible evolution is observed (k 2 <0.003sec 1 ). Fig.10 : Raman Spectra collected from an immersed human skin section using the 532 nm wavelength at 30 mW. Spectra result from 1 x 10s acquisitions and have been recorded sequentially at the same spot.
Similar observations have been made with the 473 nm wavelength. The recording of Raman spectra from the dry skin was limited to the use of 5 mW laser power. However, using immersed skin sections, a 30 mW laser power allowed the collection of Raman spectra with a greatly reduced background after short exposure times ( figure 12 ). As shown in Figure 11 , the initial decay has a similar rate, k 1 = 0.16sec 1 , but in contrast to the behaviour observed for all other laser lines in immersion, a significant decay persists after this time, at a rate of k 2 = 0.011sec 1 . No damage to the skin was observed and a minimum background can be seen in the spectra after 50s exposure to the laser source. Fig.11 : Representation of the background decay over time in the Raman spectra recorded from the human skin using 532 nm and 473 nm laser sources. Fig.12 : Raman Spectra collected from an immersed human skin section using the 473 nm wavelength at 30 mW. Spectra result from 1 x 10s acquisitions and have been recorded sequentially at the same spot.
Discussion
The dermis is a relatively thick layer of the skin, varying between 0.6 mm on the eyelids up to 3 mm on the palms and soles. It can be subdivided in two different layers, the papillary and reticular layer. The predominant cellular type that can be found in the dermis is fibroblasts, producing collagen, elastin and structural proteoglycans conferring strength and toughness to the skin without loss of the elasticity and viscosity of the tissue [44] . However, the collagen can represent up to 75% of the dry weight and 90% of the total protein content which results in the strong similarity between Raman spectra collected from the skin and the spectrum of pure collagen [30, 40, 45] . In addition, the dermis also contains a number of chromophores such as keratin, NAD/NADH, bilirubin, and porphyrins. Of the molecular components of the dermis, only elastin (l abs = 440nm/460nm, l em = 500nm/540nm), keratins (l abs = 370nm, l em = 460nm), NAD/NADH (l abs = 350nm, l em = 460nm) and porphyrins (l abs = 405nm, l em = 600nm) are reported to exhibit fluorescence in the visible region [25] . Notably, melanin, which is resonant and potentially fluorescent at wavelengths as long as 785nm, is concentrated in the stratum basale layer, the innermost layer of the epidermis which lies adjacent to the dermis [30] . Of the other molecular components identified above, the most likely candidate to be resonant and contribute fluorescence to the Raman background is elastin at 473nm. Notably, however, the absorption maxima in all cases are far from the wavelengths of the other sources utilised in these studies, and although red shifts of absorption features are to be expected in the dried state, it can be expected that even 532nm is sufficiently distant from the resonances of the identifiable chromophores.
At 785nm, the intensities employed are too low for two photon excitation, a nonlinear optical process normally requiring pulsed excitation intensities and short durations, and the background to the Raman spectrum is thus unlikely to have origin in fluorescence. In pure protein samples, it has been demonstrated that at this wavelength the Raman background depends on sample morphology, and that in tissue sections the background is essentially eliminated by immersion [33] . In the protein rich and physically inhomogeneous dermis, the background is thus attributed to scattering of the laser source and even the Raman peaks themselves, and the reduction in immersion is attributed to improved refractive index matching between the water and the tissue, compared to the air/tissue interface. Thus the evolution of the background is attributed to photothermal "annealing" like effects rather than photochemical bleaching, which, although not visible microscopically, result in local changes to sample morphology and a reduction in scattering. Photothermal annealing is a commonly employed technique in for example semiconductor thin film structural processing [46] . Using the 473 and 532 nm lasers on dry skin, the recording of spectra is impossible, as the sample is visibly damaged, even at reduced laser powers as low as 5mW. When working in immersion, the damage to the tissue does not occur, even under higher power illumination. This effect is most likely due to the improved thermal heat sinking of the tissue in the immersed environment.
The origin of the two stage process in the dry state is not clear, however. In immersion, the initial rapid decay of the background is also observed, albeit weakly compared to the dry sections. However, the signal is seen to stabilise after approximately ten seconds, and no secondary slow decay is observable. It is assumed therefore that the improved heat sinking environment of the water environment reduces and eliminates the secondary decay.
A similar behaviour is observable at 660nm and even 532nm, and this might be expected, as there are no identifiable fluorophores which are excited in these spectral regions.
Notably, for 532nm, the thermal heat sink of the water environment significantly reduces the risk of photodamage, enabling measurement at elevated powers. At 473nm however, elastin has a significant absorption and fluorescence which potentially contributes to the Raman background. Notably, for the same measurement conditions, the background at 473nm is considerably higher than that observed at 532nm and a significant secondary decay is observable even in immersion. This is potentially attributable to the contribution of fluorescence from, and photobleaching of, the elastin fluorophore.
Conclusion
Whereas dried tissue sections exhibit a strong background to the Raman spectrum at all source wavelengths, measurement in water immersion significantly reduces or eliminates this background. The water environment provides an index matching environment which reduces stray light due to scatter, and also a thermal heat sink to reduce photothermal damage. The spectral definition is furthermore improved, and several features are enhanced in the hydrated tissue.
At all but the 473nm wavelength, no potentially contributing fluorophores are identifiable. At this wavelength, the background is relatively higher and is attributed to fluorescence from elastin. The secondary temporal decay persists, independent of the environment, indicating a photochemical process. Thus it is concluded that fluorescence is only a significant contributor to the background at short source wavelengths.
Overall, measurement in immersion greatly improves spectral quality and sample stability and reduces spectral background. Measurements at elevated powers are enabled across the visible spectrum with no photothermal damage. In addition to greatly reducing acquisition times for mapping, preprocessing requirements are reduced to removal of water and any substrate contributions, greatly enhancing the reliability of spectra for diagnostic applications.
